Thixotropic properties are one of the low temperature rheology behaviors of gelled waxy crudes. In order to study the thixotropic behavior of gelled waxy crudes oil under cyclic loading of linear increasing and decreasing of shear rate, three different types of waxy crude oil were studied experimentally by using MARSIII rheometer. It is found that hysteresis loop area could represent strength of thixotropic properties under that loading. With increasing of the rate of share rate sweep, the area of second hysteresis loop is much smaller than first one and began a slow decline from the third hysteresis loop. Areas of each hysteresis loops were decreased with increasing temperature, but it was different in decline rate-the lower the temperature, the greater the rate of decline. The maximum rate of decrease is the first hysteresis loop with exponential decline, and remaining hysteresis hoops approximately decrease linearly. In addition, based on the experimental results an empirical correlation is developed to describe the relationship of hysteresis loop area and rate of share rate sweep.
Introduction
Thixotropy of waxy crude is an important but complex issue in crude oil rheology study. Due to difference between the broken-down structures with the developed structure of fluid system, thixotropy means that apparent viscosity decreases continuously over time under shearing stress, and recovers gradually over time after stress relief [1] . Thixotropy is basic data for shutdown and restart calculation and pumpability evaluation of waxy crude oil pipeline, besides that, safety analysis for running waxy crude oil pipeline needs accurate quantitative description in thixotropic behavior [2] .
Proposed mathematical modes described thixotropic fluid properties; domestic and foreign scholars have numerous studies in thixotropic fluid. Cheng proposed thixotropic fluid characteristic under three kinds of cyclic shear tests which are constant, stepwise increase and continuously increase in shear rate [3] - [5] . Most of the existing mathematical models proposed are under studying shearing stress relaxation of thixotropic process in a constant shear rate [6] [7] in which Huang put forward mathematical model for blood thixotropy at loading conditions that shear rate changes continuously [8] . Although it has a lot of studies in waxy crude thixotropy, there have not been reports describing change properties of thixotropic hysteresis loop in the loading conditions whose shear rate is continuously variable. However, in the practical crude oil pipeline process, the shear rate is not constant but is continuously variable. In this paper, experiments study the waxy crude oil change properties of thixotropic hysteresis loop area, and result in an empirical correlation to describe the relationship of hysteresis loop area and rate of share rate sweep on basis.
Experiment

Experimental Apparatus and Experimental Samples
Laboratory instruments are mainly MARSIII rheometer produced by German HAAKE companies, and experiments used its Z41Ti coaxial cylinder measurement system. Rheometer equipped with F6/8 programmable with a water bath temperature controlling precision of 0.1˚C.
Physical properties of four kinds of waxy crude oil used in the experiments are shown in Table 1 . To ensure better repeatability and comparability of the experimental data, experimental oil samples were pre-treated to eliminate the historical experience of crude oil "memory" effect. For the basic oil sample, specific operation method is put ground glass bottle filled with sample into the water bath, let stand heated to 80˚C and constant temperature in 2 h, so that the bottle of crude oil achieve uniform state with the aid of molecular thermal motion, then stand at room temperature for 48 h above.
Experimental Program
Put ground glass bottle filled with well pretreatment oil sample into the water bath for 30 min, which temperature is the heating temperature of condensation point test on Table 1 , and then put the oil sample into the rheometer measuring cylinder and constant temperature for 5 min. When you are making samples, ensure consistent temperature of the oil sample and rheometer system to eliminate the impact of the rheological property once the sample temperature sudden rise or drop. Then cold to measure temperature at rate 0.5˚C/min, and start measuring after constant temperature stand 40 min for forming the gelling structure sufficiently. Shear rate changed with time is linear load according to the Equation (1) , and the rate of shear rate is respectively 2 s 
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where in these equation, R is the rate of shear rate (a constant in experiment), s −1 /s; t 1 is the shear rate of rise time s.
Results and Analysis
In this paper, we take experiments of three different physical properties of crude oil, and take experiments totally in 9 temperatures, 6 rate of shear rates. Due to waxy crude oil wax crystal structure has a certain strength in the vicinity of the condensation point, the initial stage of loading sample at a creep process is shown in Figure 1 . Performance in hear stress is in rapidly rising stage with the increase of shear rate. After crude yield point, wax crystal structure began pyrolysis and allow it to flow. In the process of shear rate increase upward, with the extension of time and increasing evenly of the shear rate, pyrolysis rate of the internal gelling system wax crystal structure is greater than recovery rate, which makes flow resistance gradually reduced, that is, the shear stress showed a trend of decrease; on the other hand, due to the increase of shear rate, corresponding shear stress exhibits a trend of increase. On the initial stage after yielding, the former plays a leading role, so with the shear rate increases, the shear stress dropped substantially, such as dropped segment curve after the peak in the figure. When the shear rate increases to a certain value, two kinds above have equal role at a particular instant, that is the minimum point of upward curve in the first hysteresis loop in the figure. After that, pyrolysis rate of structure is further reduced, and deformation rate is further increase. The curve transform to the common case that shear stress increases with the increase of shear rate. In the process of shear rate reduce downward, two factors are working together which are the lower the shear rate leads to the decrease of the shear stress and the recovery of wax crystal structure results in shear stress increased, and the former is dominated because of wax crystal slow structure recovery rate. The performance shown in the picture is that shear stress is gradually reduced with the decrease of the shear rate in the downward experimental curve. Under continuing cyclic loading, hysteresis loop area decreases, and move in direction of shear rate axis, but loop area is very small started from the second hysteresis loop, while the thixotropy of system has greatly diminished.
Hysteresis Loop Area to Representation Thixotropic Properties of System
The size of hysteresis loop can properties the strength of thixotropy in system, this paper calculated area of hysteresis loops for the four kinds of waxy crude oil in different temperatures and different rates of shear rate. Investigating the reason, in the experimental model of this paper, when the rate of shear rate is greater, the identical shearing action time is shorter; the damage of gelled crude oil system structure is less; the thixotropic structure remain is more; the shear stress is relatively bigger; hysteresis loop has a general tendency to leave shear rate axis direction and the area of the loop is relatively large. Conversely, when the rate of shear rate change small, shear time is relatively long; the extent of damage in wax crystal structure is relatively serious under the same shear rate; shear stress is relatively small; hysteresis loop move back to the shear rate axis's direction; and the area of the loop is relatively small.
Second hysteresis loop area is much smaller than the first hysteresis loop, then the area of loops decline slowly. It illustrates the proportion of structure is damaged large in the shearing progress of first hysteresis loop. In order to take quantitative description, statistical ratio of the second with the first hysteresis loop area for three experimental samples in various rate of shear rate are shown in Table 2 . Thus we figure out the area of second hysteresis loop is only 10% of the first loop, which means shear rate and temperature changes have little effect on it. In other words, the structure of the gel volume damaged mainly occurs in the first hysteresis loop. The ratio of third hysteresis loop relative to the second hysteresis loop area is about 60% which is shown in Table 3 and the ratio of fourth hysteresis loop relative to the third hysteresis loop area is about 80% which is shown in Table 4 . Which indicates falling speed of hysteresis loop area are reduce, thixotropic structures in oil gelling system are in decline, and also declare crude wax crystal structure of waxy crude oil is recovery slow or incomplete which is consistent with paper findings [9] .
Therefore, based on different changes of hysteresis loop area for three kinds of waxy crude physicals at each test temperature, we can summarize Equation (2) from experimental results to indicate the relationship between hysteresis loop area with the rate of shear rate.
where in the equation, n A is the n-th hysteresis loop area; a, b, c is parameters determined by fitting the experimental data; n is the hysteresis loop number (n = 1, 2, 3, 4). The 84 groups of experimental data for 3 kinds of crude oil, 6 rates of shear rate and 9 temperatures were fitted, and the fitting results as shown in Table 5 , correlation coefficient of each group regression data whole greater than 0.8338, and the average correlation coefficient is 0.9528. Figure 4 is the curve shows the hysteresis loop area changes with the temperature of the central plains crude oil. Each area of hysteresis loop were decreased with the increase of temperature but different in rate of decline, which is the lower the temperature, the greater the rate of decline. And decrease the maximum rate of the first hysteresis loop, exponentially decreasing trend and the remaining are approximately linear decline. Study results were consistent with Qifu Li [10] and other researchers. Investigate its reason, waxy crude oil form a relatively strong wax crystal structure at a low temperature, which means has a strong thixotropy, so hysteresis loop area is large. Conversely, at a high temperature, wax crystal structure was formed relatively weak, so hysteresis loop area is small.
Conclusions
1) For gelled waxy crudes oil, the thixotropic behavior of hysteresis loop which is formed under cyclic loading of linear increasing and decreasing shear rate is studied. Hysteresis loop area could represent the strength of thixotropic properties. With increasing of the rate of share rate sweep, the area of hysteresis loop increased. The area of second hysteresis loop is much smaller than first one, and began a slow decline from the third hysteresis loop.
2) Areas of each hysteresis loops were decreased with increasing temperature, but it was different in decline rate-the lower the temperature, the greater the rate of decline. The maximum rate of decrease is the first hysteresis loop with exponential decline, and remaining hysteresis hoops approximately decrease linearly.
3) We developed a relationship between the rate of shear rate and the hysteresis loop area. According to the experimental results, an empirical correlation is developed to describe the relationship of hysteresis loop area and rate of share rate sweep. 
